I. INTRODUCTION
Lifetime predictions of materials subjected to solid-particle erosion depend on exact knowledge of the particle flow, specifically, distributions of erodent velocities, sizes, shapes, and impact angles. In addition, the erodent material and its flux must be determined. These aspects of solid-particle erosion, while important, are usually determined from flow models, and are not the focus of this article. Also, erosive damage of a brittle solid will affect its strength, which could play an important role in lifetime predictions. This issue will not be considered. The objective of this paper is to review the other essential component for predicting lifetimes, namely, an accurate, physically based description of the erosion process in terms of both the erodent properties, assumed given, and the target properties. It will be shown that further work on structural ceramics is needed before a reliable model can be developed to accurately predict lifetimes.
Most aspects of erosion of brittle solids have been recently reviewed 111.
It is generally accepted that material degradation resulting from the impact of an angular erodent occurs by formation and propagation of lateral cracks on the surface under the driving forces imposed by particle-impact events [2] .
Contact conditions of the erodent play a role, but both dynamic [2] and quasistatic [SI models of erosion predict that the steady-state erosion rate, AW (amount of target removed for amount of abrasive hitting the target in units of g/g>, is proportional to a power law of the form
where V, D, and p are the impacting particle velocity, mean diameter, and density, respectively. The target materials parameters are the fracture toughness KIC and the hardness H. Static KIC and H are used, because of lack of information on the dynamic values. It is extremely important to note that Eq. 1 is based on the accumulation of single-impact events, whereas the situation in an actual application is much more complex. The equation does not consider possible threshold effects, which could be based on the minimum energy needed to nucleate a lateral crack.
The constant of proportionality has not been investigated but can depend on the contact model used. In general, the velocity exponent n varies between = 2.0 and 3.2, depending on erodent shape and contact conditions. The density exponent is = 1.2. The dependence on H is weak, with the exponent varying between -0.24 and 0.11. Therefore, it is expected that, under a given set of erosive conditions, constant velocity and impact angle, the materials parameter KIC will have the largest effect on erosion resistance. however, the toughness in these materials is not a constant but is a function of crack length, R-cunre, or crack resistanct+versus -crack-length behavior.
Toughening can also be accomplished by microstructural manipulation:
This material exhibits a an example being an in-situ-reinforced Si3N4.
pronounced R-curve, but the long-crack-length-limit fracture toughness is = 50% higher than that of an equivalent fine-grained Si3N4 [lo] . The increased toughness should result in enhanced erosion resistance and, therefore, possible applications for these hard, new materials are ones in which the materials are subjected to erosion by solid particles, e.g., pump vanes, fuel regulators for jet engines, cutting tools, etc.
A reasonably large solid-particle erosion data base for structural ceramics exists. Some materials investigated include Al203-SiC(w) (where (w) denotes whisker) [ll, 123, [13, 14] This paper will review some of the erosion results for various modern structural ceramics. Trends in the behavior of the steady-state erosion rates with the principal variables (V and KIC) will be compared with theoretical predictions. Failure of the models for materials exhibiting pronounced Rcurve behavior will be discussed. Finally, further experimentalhheoretical work w i l l be suggested to improve component lifetime predictions.
II. EXPERIMENTAL PROCEDURES
Measurements of solid-particle erosion with basic research objectives are usually performed under well-defined impact conditions, i.e., the impact angles, velocities, and erodent size and materials are carefully controlled. In addition, the flux rate is varied so that particle-particle interactions in the impacting stream can be neglected. Two general types of apparatus are used in these experiments: a gas gun, in which the particles are carried by the gas, and a slinger-type apparatus [17] . The latter experiments are performed in a vacuum and have a narrow velocity distribution, but the impact angle varies across the specimen. On the other hand, in the gas gun experiments, the velocities of the particles depend particle size, and the flow pattern is disturbed at the stagnation point. Velocities of impact can be conveniently varied between 10 and 150 m/s and angular Sic or A1203 abrasives with mean diameters from 40-1000 pm are commercially available. The effect on erosion of the ratio of the erodent hardness to that of the target has been discussed C14, 18 , 191. The angle of incidence is usually between 15 and 90°, but this paper will concentrate on results obtained at normal incidence. Figure. 1 presents typical erosion data measured for Al2O3, Si3N4, A1203 + SiC(w), and Si3N4 + Si3N4(w) at normal incidence, 100 d s , and with 42-pdiameter Sic abrasives. After an initial transient, the slope of the weight loss versus the dose that is impacting the sample becomes constant and is, by definition, equal to the steady-state erosion rate. The transient, despite its potential importance in modeling materials degradation, has never been investigated. It is likely that the transient is the result of incubation effects.
III. RESULTS AND DISCUSSION
That is, there is a minimum amount of kinetic energy that must be transferred to the sample to develop a subsurface crack network necessary to sustain the steady state. This might correspond to unit coverage of the target; a fluence such that the contact areas of each impact overlap. Generally, for a brittle material, the contact areas are = 1/10 the projected area of an angular projectile.
Also, it is clear that threshold effects can exist. Low-velocity impacts may not result in nucleation of lateral cracks because they cannot supply a kinetic energy larger than the energy necessary to nucleate a crack. There is some evidence for the existence of threshold effects in single-crystal Si Fig. 2 . The velocity dependence of AW can indeed be described by a power law, as predicted by the models. The velocity exponents n at normal incidence are tabulated in Table 1 for a variety of composites with two types of erodents. It should be noted that microstructura; affects erosion rate. That is, AW of various types of A1203 varies by a factor of = 5 when erosion occurs under identical conditions (Fig. 3) [21] . These differences are probably related to the ratio of grain size to impact size and to the amount and type of glassy phase at the grain boundaries. It turns out that even anodized aluminum erodes at the same rate as most bulk Al2O3. Therefore, if a metal simultaneously undergoes oxidation and erosion, the behavior can be predicted from knowledge of AW of the base oxide, if the oxidation rate is higher than the erosion rate. Table I indicates that there is a wide discrepancy between n values obtained for the softer A1203 than for the harder Sic abrasive. The explanation lies in the fact that the composites can be harder than the erodent [14, 18, 191 and considerable energy is expended in fracture and blunting of the impacting particle, energy which is unavailable for nucleation and propagation of lateral cracks that control erosion. Larger particles fragment more than smaller particles E151 although even hard Sic erodents fragment [18]. For the harder erodents, the n values are, for the most part, in accord with the theoretical predictions and comparable to those measured for monolithic ceramics Ell.
Erodent fragmentation is therefore a significant problem that must be described before an accurate model to predict lifetimes can be developed.
Softer particles remove material less efficiently than do harder particles. Figure 4 illustrates that AW can differ by a least an order of magnitude [19] depending on the erodent. Photomicrographs obtained by scanning electron microscopy show that, on surfaces eroded by softer erodents particle, crushing occurred, and that some of the crushed erodent adhered to the impact site. Srinivasan and Scattergood E221 investigated a series of partially stabilized zirconias. They showed that AW is not proportional to ( K I c )~~ and invoked the explanation that the correct toughness is that value relevant for the size scale of the erosion-impact events KOp. The latter can be significantly less than the maximum toughness. They found a good correlation between AW and KOp, which was determined fiom the intersection of the stress-intensity factor and the crack-driving force. Recent measurements on a fine-grained and an insitu-reinforced Si3N4, despite the differences in the R-curve behavior, show that AW is nearly independent of the material. This was interpreted as being due to the fact that the toughness for erosion is determined by crack initiation and is consistent with the KoP concept. Nevertheless, it should be pointed out that, in these tough, hard composites, the operative toughness is that determined for short crack lengths, and it is precisely that region of the Rcurve which is not very experimentally accessible.
I " . CONCLUSIONS
Lifetime predictions based on first-principle solid-particle erosion models developed for monolithic brittle materials must be modified to describe the behavior of structural ceramics. The models fail to account for threshold and incubation effects or particle fragmentation. %curve behavior and an operative toughness are also important considerations. Little experimental or theoretical work on these topics exists. Therefore, if accurate lifetime predictions are required, these topics, despite the considerable experimental problems, must be systematically investigated and understood.
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